entity and not as part of a polyprotein as was claimed by others;
(iil that subunits IV, V, and VI are synthesized as precursors, larger by 1500-3000 daltons than their mature counterparts; in contrast, subunit VII is not synthesized as larger recursor.
Precursor forms of subunits IV, V, and VI identical to those synthesized in vitro were also detected in vivo by labeling of spheroplasts. The observed disappearance of these larger forms after a chase is compatible with the notion that they represent short-lived precursors that are rapidly converted to their mature counterparts during or shortl after import into mitochondria. Furthermore, using N-formyl43SJ et-RNA, we provide definitive evidence that two of the cytoplasmically made subunits (f and y) of another oligomeric inner mitochondrial membrane protein (F1-ATPase, EC 3.6. Cytochrome c oxidase (EC 1.9.3.1) is located in the inner mitochondrial membrane. As the last member protein of the mitochondrial electron transport chain it catalyzes the translocation of electrons from cytochrome c in the intermembrane space across the inner mitochondrial membrane to molecular oxygen in the mitochondrial matrix. In mitochondria of yeast (1) cytochrome c oxidase is an oligomeric protein consisting of seven nonidentical subunits. Three of the seven subunits (I-III) are encoded in the mitochondrial genome and are synthesized within mitochondria. The other four subunits (IV-VII) are encoded in the nuclear genome and are synthesized in the cytoplasm.
Poyton and colleagues (2) (3) (4) (5) (6) have recently reported that all four cytoplasmically made subunits from yeast (Saccharomyces cerevislae) are initially synthesized as a "polyprotein" of 55,000 molecular weight, larger by #8000 than the combined molecular weights of the four cytoplasmically synthesized subunits. This polyprotein was isolated from a postmitochondrial supernatant of yeast cells by immunoprecipitation, being immunoreactive with subunit-specific antisera that were raised against subunit IV, subunit VI, and a mixture of subunits V and VII (2) (3) (4) (5) (6) . On the basis of data obtained from pulse-chase experiments, subcellular fractionation, and tryptic peptide analysis, Poyton and colleagues suggested that this polyprotein is posttranslationally transported into mitochondria, where it becomes associated with the inner mitochondrial membrane and where it is then proteolytically processed in a stepwise fashion to yield subunits IV, V, VI, and VII.
In this paper we describe our studies on the biosynthesis of subunits IV, V, VI, and VII of yeast cytochrome c oxidase. At variance with the data of Poyton and coworkers (2-6), we report here that subunits IV, V, VI, and VII of cytochrome c oxidase are synthesized not as parts of a polyprotein but as individual polypeptides. Furthermore (7) . Cytochrome c oxidase was extracted from submitochondrial particles with potassium cholate, fractionated with ammonium sulfate (8) , and purified by chromatography on octyl-Sepharose CL-4B (9) . After electrophoresis in a 10-15% polyacrylamide gradient gel in the presence of NaDodSO4, the characteristic seven subunits of cytochrome c oxidase could be clearly identified (Fig. 1 ). F1-ATPase was solubilized from submitochondrial particles with chloroform and partially purified by DEAE-cellulose chromatography according to a method of Takeshige et al. (10) . The characteristic subunits of F1-ATPase could be readily identified in a NaDodSO4/10-15% polyacrylamide gradient gel (data not shown).
Preparation of Subunit-Specific Antibodies. The cytoplasmically synthesized subunits IV, V, VI, and VII of cytochrome c oxidase separated on polyacrylamide slab gels and stained with Coomassie brilliant blue ( Fig. 1) were excised from the gel. Because subunits IV and V were barely separated from each other, they were excised together, whereas the clearly separated subunits VI and VII were excised each in separate slices. Gel slices containing both subunits IV Pulse labeling and pulse-chase labeling of spheroplasts were carried out essentially as described (14, 15) . Spheroplasts were resuspended to 200 mg wet weight per ml in 0.061% MgCl2-6H20/0.1% KH2PO4/0.05% NaCI/0.04% CaCl2/1% ethanol/0.3% galactose/1.3 M sorbitol at pH 6.0 (15) . Two aliquots, 1 ml each, of the spheroplast suspension were preincubated at 250C for 60 min. Preincubation was followed by the addition of 0.5 ml of the suspending medium and 60 M1 containing 600
MCi of [&sSImethionine, and by subsequent incubation at 260C for 4 min. Labeling was terminated (see below) in one of the two aliquots (pulse). For pulse-chase labeling, the other aliquot was centrifuged to separate the spheroplasts from the pulse medium. The spheroplasts were then washed once with 15 ml of suspending medium containing 5 mM unlabeled methionine, resuspended in 1.5 ml of the same medium, and incubated at 260C for 90 min. Pulse-chase labeling (as well as pulse labeling, see above) was terminated exactly as described (14, 15) by the addition of NaDodSO4 and incubation at 1000C. In preparation for immunoprecipitation, the solutions were adjusted to contain 2% Triton X-100/0.4% NaDodSO4/150 mM NaCl/40 mM Tris'HCl, pH 7.4/5 mM EDTA/200 units per ml of Trasylol in a total volume of 15 ml and centrifuged for 15 min at 12,000 X g. Aliquots (5 ml of the supernatant) were used for immunoprecipitation.
Preparation of N-Formyl{asSJMet-tRNAem. Calf liver tRNA was aminoacylated in the presence of [asS]Met with highly purified Escherichia colh Met-tRNA synthetase and was formylated with highly purified E. coil transformylase (16 14) or of anterior bovine pituitary RNA (18) in a nuclease-treated rabbit reticulocyte lysate was as described (19 Immunoprecipitation in the presence of NaDodSO4 and Triton X-100, but using staphylococcal protein A-Sepharose instead of Staphylococcus aureus cells, was as described (20) . Analysis of the immunoprecipitates by 10-15% polyacrylamide gradient slab gel electrophoresis in NaDodSO4 and subsequent fluorography (21) of the fixed and dried slab gels were as described (22 
RESULTS
To study the biosynthesis of the cytoplasmically made subunits of yeast cytochrome c oxidase, we combined an in vitro and an in vivo biosynthesis approach and used immunoprecipitation with subunit-specific IgG as a means to isolate immunoreactive polypeptidesfrom the total products. In vitro biosynthesis was achieved by translating total yeast mRNA in a reticulocyte cell-free system (see lanes 1 of Fig. 2 ). In vfto biosynthesis was monitored after pulse labeling of spheroplasts (lanes 2 of Fig.  2 ), pulse-chase labeling of spheroplasts (lanes 3 of Fig. 2 ), or continuous labeling of intact cells (lanes 4 of Fig. 2) . It is clear from the data shown in Fig. 2 that a polyprotein of -55 kilodaltons, allegedly containing all four cytoplasmically made subunits of cytochrome c oxidase (24) , was detected neither after in vitro (lanes 1) nor after any of the in vivo biosynthesis experiments (lanes 2, 3, and 4). Instead, each of the four subunits appeared to be synthesized individually-i.e., as a "monoprotein. " In vitro, subunits IV, V, and VI were synthesized as forms that were larger by w150 0 daltons than the mature forms (compare lanes 1 to lanes 4); in contrast, subunit VII was apparently not synthesized as a larger form. Forms that were identical in their molecular weight to those of the in vitro synthesized forms of the four subunits were detected also in vivo, after a 4-min pulse labeling of spheroplasts (lanes 2). In addition to the precursor forms, and consistent with the notion that in vivo import into mitochondria and accompanying conversion of the precursors to the mature forms proceed rapidly (14) , there was appreciable synthesis of mature forms already at the 4-min pulse (lanes 2, particularly evident in the case of subunits IV and V). After a pulse-chase experiment (lanes 3), labeled precursor forms were no longer detectable. The chased products appeared to be identical in molecular weight to the products synthesized in intact cells by continuous labeling (lanes 4).
Because subunit VII is a small protein (estimated molecular weight of -5000 (23) and because molecular weight differences of proteins in the 5000-10,000 range are poorly resolved by the type of gel used in Fig. 2 , we analyzed the in vitro and in vivo synthesized forms of subunits VII in a polyacrylamide gel containing NaDodSO4 and urea (such a gel system is able to reveal molecular weight differences of at least 1000 (24) . However, even in this gel system there was no mobility difference detectable between the in vitro and in viro synthesized form of subunit VII (data not shown), suggesting that subunit VII is not synthesized as a larger precursor.
To settle the question which of the two bands that were immunoprecipitated from the in vitro products by the IgG fraction against a mixture of subunits IV and V [see Fig. 2 , lane 1 (IV and V) and Fig. 3, lane 1] is the precursor to subunit IV and which is the precursor to subunit V, immunoprecipitation was carried out in the presence of competing amounts of either unlabeled subunit IV (Fig. 3, lane 2) or unlabeled subunit V (Fig. 3, lane 3) . It is clear from these competition experiments that the slower-moving band is pre-IV and the faster moving band is pre-V.
Although the data shown in Fig. 2 have failed to reveal the 55-kilodalton polyprotein that was detected by Poyton and coworkers (2-6), they do not rule out its existence. Our proce- labeled subunits IV and V were eluted from gel slices that were cut between the two barely separated _ go:_ subunits IV and V (see Fig. 1 (1980) initiator Met) can be readily demonstrated (26, 27) . Cleavage at such a distinct site occurs when mRNA for a secretory protein (in the present case, anterior bovine pituitary mRNA containing primarily prolactin mRNA) is translated in a cell-free system supplemented with microsomal membranes from canine pancreas. It has been demonstrated (18) that the amino-terminal signal sequence of nascent preprolactin (addressed to the rough endoplasmic reticulum) is cleaved by the membrane-associated signal peptidase during the translation-coupled translocation of nascent preprolactin across the microsomal membrane. As expected, therefore, in a control experiment in which the cell-free system contained [&sS]Met, there was synthesis of only the preprolactin form in the absence of membranes (Fig. 4, lane  1) , and primarily of the mature prolactin form when membranes were present during translation (Fig. 4, lane 2) . In a cell-free system containing N-formyl-[ssS]Met-tRNA there was synthesis again of only the preprolactin form in the absence of membranes (Fig. 4, lane 3) , but there was no label detectable in the mature prolactin form synthesized in the presence of membranes (Fig. 4, laie 4 (Fig. 5, lanes 4-6) . Analysis of the immunoreactive products precipitated by anti-IV and V- (Fig. 5, lanes 1 and 4) by anti-VI (Fig. 5, lanes 2 and 5) and by anti-VII (Fig. 5, lanes 3 and 6) as well as by anti-,B (Fig. 6, lane 1) and anti-7y (Fig. 6 , lane 2) clearly shows that each of the in vitro synthesized forms of subunits IV, V, VI, and VII of cytochrome c oxidase as well as of subunits (3 and in the presence of N-formyl-[35S]Met-tRNA as the sole source of radioactivity in the cell-free system. These results establish unequivocally that each of the four subunits of cytochrome c oxidase is synthesized as a "monoprotein" and not as a polyprotein as was claimed by Poyton's group (2) (3) (4) (5) (6) . Similarly, the previously (14) detected precursors to the cytoplasmically made subunits of F1-ATPase are definitely primary translation products and therefore are also synthesized as monoproteins rather than as parts of a polyprotein. (32) . This signal sequence would be cleaved either during or shortly after import into mitochondria. The existence of two distinct types of signal sequences for posttranslational translocation into mitochondria has been proposed (32) : one addressed to a translocator system effecting transfer only across the outer membrane, and the other one addressed to a translocation system effecting transfer across both outer and inner mitochondrial membranes. Because the precise topological relationship of the polypeptide chains of subunits IV, V, and VI with the lipid bilayer of the inner mitochondrial membrane is unknown, it remains to be established to which of the two translocation systems the signal sequences of subunits IV, V, and VI are addressed.
Interestingly, subunit VII is not synthesized as a larger form. We propose that, like the other three cytoplasmically made subunits, subunit VII is endowed with a signal sequence addressed to one of the two mitochondrial posttranslational translocation systems, but that this signal sequence is not cleaved during or following import into mitochondria. There are now several precedents for uncleaved signal sequences. These have been detected so far among the signal sequences addressed either to the cotranslational translocation system in the rough endoplasmic reticulum (33) (34) (35) or to the cotranslational translocation system in the prokaryotic plasma membrane (36) or to the two posttranslational translocation systems in the mitochondrial membranes (37, 38) .
